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Multilayer (TiO2)m/(VO2)n nanostructures (d
1 - d0 interfaces with no polar discontinuity) show
a metal-insulator transition with respect to the VO2 layer thickness in first principles calculations.
For n ≥ 5 layers, the system becomes metallic, while being insulating for n = 1 and 2. The metal-
insulator transition occurs through a semi-Dirac point phase for n = 3 and 4, in which the Fermi
surface is point-like and the electrons behave as massless along the zone diagonal in k-space and
as massive fermions along the perpendicular direction. We provide an analysis of the evolution of
the electronic structure through this unprecedented insulator-to-metal transition, and identify it as
resulting from quantum confinement producing a non-intuitive orbital ordering on the V d1 ions,
rather than being a specific oxide interface effect. Spin-orbit coupling does not destroy the semi-
Dirac point for the calculated ground state, where the spins are aligned along the rutile c-axis, but
it does open a substantial gap if the spins lie in the basal plane.
I. BACKGROUND
VO2 in its bulk form displays a metal-insulator
transition (MIT) which occurs near RT (at ap-
proximately 340 K).1 This change in the electronic
structure is accompanied by a structural distortion
that involves the dimerization (to a low-temperature
monoclinic insulating phase) of the V chains that
form in the rutile structure, leading to a V-V sin-
glet state accompanied by the expected reduction
of the magnetic susceptibility.2 The direct V-V ex-
change along the chains forms spin-singlets at low
temperature, that break up above 340 K leading to
a structural distortion, with dimers no longer oc-
curring and V-V distances becoming uniform along
the rutile c-axis. This MIT has been widely stud-
ied, with effort given to tuning the temperature of
the transition,3 because its proximity to RT makes
it usable for various applications.4,5
Recently oxide interfaces (IF) have shown inter-
esting (and not yet well understood) MITs. One of
these happens with a few layers of LaAlO3 (LAO) on
top of a SrTiO3 (STO) substrate. Here, the effects of
having a polar IF come into play, producing an elec-
tric field within the LAO layer that raises the ener-
gies (bands) of successive layers. Calculations show
that the onset of the overlap of valence band O 2p
states at the surface with Ti 3d conduction states on
the substrate produces an insulator-to-metal transi-
tion in the heterostructure around 4 layers of LAO
grown on an STO substrate,6,7,8,9,10 in agreement
with experimental observations.
In this paper we will be dealing with a different
mechanism for a MIT in an oxide nanostructure.
This transition again happens at very small thick-
nesses, and involves several factors including the
quantum confinement of the electronic states in the
VO2 layers. Experimentally, it was shown that the
MIT seen in bulk VO2 is inhibited in these films of
VO2 deposited on TiO2. Below 5 nm,
11 there is not
enough cooperativity along the z-axis to produce a
dimerization of the V-V chains, thus not allowing for
an insulating phase to develop. In addition, the lat-
tice strain induced by the substrate might be strong
enough in thin layers to prevent the MIT from oc-
curring.
However, when the effects of quantum confine-
ment come into play (for thicknesses even smaller,
on the order of 1 nm), the situation may be differ-
ent. We have calculated that insulating behavior
occurs for very thin layers of VO2 (one or two lay-
ers), and then a very peculiar zero-gap, point Fermi
surface state emerges for 3 and 4 layers. Metallicity
takes over for a thickness of 5 VO2 layers and be-
yond. This metal-insulator transition is not caused
by, nor even accompanied by, any strong structural
change. These IFs are non-polar, so this MIT dif-
ferentiates very clearly from that of the LAO/STO
system, its origin being completely different. Our
analysis of the change in electronic structure with
VO2 layer thickness indicates this is not an interfa-
cial phenomenon but rather an effect of confinement
of electronic states within the VO2 layers coupled
with specific orbital ordering on the V d1 ions.
II. COMPUTATIONAL METHODS
Our electronic structure calculations were per-
formed within density functional theory12 using the
all-electron, full potential code wien2k13 based
on the augmented plane wave plus local orbital
(APW+lo) basis set.14 The exchange-correlation po-
tential utilized to deal with possible strong correla-
tion effects was the LSDA+U scheme15,16 including
an on-site U and J (on-site Coulomb repulsion and
exchange strengths) for the Ti and V 3d states. The
values U= 3.4 eV, J= 0.7 eV have been used for
both Ti and V to deal properly with correlations in
this multilayered structure; these values are compa-
rable to (slightly smaller than) what have been used
for bulk VO2
17,18,19 and other vanadates close to the
itinerant limit.20 Our calculations show that a larger
U, of 4 eV, gives an incorrect insulating behavior of
bulk VO2 in rutile structure, hence overestimating
electron-electron interactions. Spin-orbit coupling
(SOC) effects are discussed in the last section.
III. RESULTS
The multilayer system (TiO2)m/(VO2)n (we will
refer to it as m/n for simplicity), formed by m TiO2
monolayers and n VO2 monolayers grown along the
rutile (001) direction, is calculated to undergo a MIT
when m is sufficiently large to confine VO2 to two-
dimensionality, that is, to prevent direct interactions
between successive VO2 slabs. Five layers of TiO2
(or approximately 1.5 nm thickness) is more than
sufficient, and that is what we use for our discus-
sion. To follow this MIT we will analyze one by
one different n values from 1 to 5, from insulator for
small n to a metal for n of 5 or greater. Our calcu-
lations include a full structural optimization (a and
c lattice constants as well as internal coordinates),
starting from the rutile structure. Note that, be-
cause V is always d1, there is one occupied band per
V ion in the (super)cell. For FM alignment, there
will be 2n occupied bands in the majority structure
for an m/n superlattice.
To understand the structure of the multilayer, we
need to consider that rutile structure with two V
ions per unit cell produces a corrugated interface be-
tween the two oxides. Hence, that leads to two struc-
turally inequivalent V atoms at the interface, which
have different coordinations with Ti ions across the
interface.
A. Single VO2 cell slab
To understand the evolution of the electronic
structure with number of VO2 layers, we focus pri-
marily on the ferromagnetically aligned cases. Fig-
ure 1 shows the insulating band structure of the ma-
jority bands of the 5/1 system for FM alignment of
the moments. This shape of the occupied bands,
which is essentially that of the interfacial V atom
band in the 5/3 system that we discussed in a pre-
vious paper,21 underpins the understanding of the
change in electronic structure as n increases. One
FIG. 1: (Color online) The left panel shows the band
structure of the majority spin (TiO2)5/(VO2)1 multi-
layer along the symmetry lines in the kx, ky plane. The
right panel shows the majority spin bulk bands in the
VO2 rutile structure when the Bloch wavefunction phase
is constrained to be the same in neighboring cells along
the c direction (i.e. kz=0). Observe the similarities in
shapes between these two band structure of V d bands
in the -0.5 to 0.0 eV region of occupied states.
band is flat, or nearly so. The other of the pair has a
sinusoid shape, although the end segments are not as
quadratic as a true sinusoid. The two bands are de-
generate at both Γ and at M. Although these bands
have a simple shape and would be expected to have
a simple representation in terms of a tight-binding
model, the two orientations of the VO2 octahedra in
the rutile structure, and their lack of alignment of
their natural axes with each other and with the cu-
bic axes, preclude a straightforward representation
by a tight-binding fit.
The gap of 0.8 eV present in this band structure
can be attributed to its Mott insulating character;
each V ion has a single 3d orbital occupied. The
occupied band width is 0.4 eV; all other majority
states lie above the gap. For comparison, in the
right panel of Fig. 1 we show the band structure of
bulk VO2 in rutile structure, calculations being run
with the same value of U. The V d bands have the
same shape and symmetry in both systems, but the
bandwidth is reduced when the system is confined
within TiO2 by a factor 2 for the occupied bands.
The unoccupied bands in the multilayer system be-
come complicated by the presence of Ti 3d bands in
the same energy region.
B. Bilayer VO2 slab
Increasing the thickness to two layers of VO2 (Fig.
2), both FM and AF couplings along the rutile c-axis
can be studied, with the possibility of forming some
precursor of the V-V dimers that occur in the dimer-
2
ized monoclinic insulating low temperature phase of
VO2.
FIG. 2: (Color online) Spin density isosurface plot at
0.12 e/A˚3 for the n= 2 nanostructure. The occupation
at both V sites is the d‖ orbital, with antiferromagnetic
coupling leading to the “spin singlet” state. Different
colors represent different spin orientations.
The 5/2 system is found to be an insulator,
whether the V spin alignment is FM or AF. The
energetically favored state, by 9 meV/V, has the
two V atoms along a V chain (confined within 5
layers of TiO2) coupled antiferromagnetically. As
found in our previous report21 for the 5/3 system,
the AF magnetic coupling leads to occupation of the
d‖ orbital, with one pair of lobes directed along the
c-axis, and forming the ddσ bonds along the ru-
tile c-axis that can be seen in Fig. 2. The plot
presents the spin-density isosurface and allows to
visualize the d‖ orbital from the V
4+ cation. This
electronic structure is analogous to that of VO2 at
low temperatures in the monoclinic dimerized phase,
when it transitions to an insulating phase from the
high temperature metallic rutile structure, except
there is no dimerization. In VO2, the σ-bond along
the chain and dimerization leads to a spin-singlet
formation along the chain, resulting in a gap. In
the case of multilayers of the thickness we consider
(and even larger), the effect is not cooperative and
no temperature-induced metalization is observed, as
mentioned earlier.
The FM configuration of the 5/2 system is also
insulating, but with a smaller band gap than in the
AF case. To allow comparison of a systematic series
of nanostructures, the band structure of the 5/2 sys-
tem in a FM state along the rutile c-axis is included
as the left panel of Fig. 3. When comparing this 5/2
system to 5/1 and 5/3, it can be seen how the bands
that cross at the semi-Dirac point in the 5/3 system
are approaching this energy region already in the
5/2 system. The FM configuration in this 5/2 case
is not the lowest energy state, but it will be useful to
see this reference band structure for understanding
the origin of the semi-Dirac point Fermi surface that
appears in the 5/3 and 5/4 ML systems, as shown in
the middle two panels of Fig. 3. When comparing
the 5/2 and 5/1 band structures, we see a new set
of two V occupied bands, similar to those present
in the 5/1 band structure, but with smaller band-
width, and a corresponding reduction in the band
gap of the full multilayer system can be observed. It
is already clear that adding more layers of VO2 will
lead to a metallic state.
C. Larger slabs, n= 3, 4, 5
To provide the sequence up to, at, and beyond the
semi-Dirac cases, Figure 3 shows the band structures
of the (TiO2)5/(VO2)n system for values of n from 2
to 5, from left to right. The alignment of energies in
the various band structures presented in this figure
was carried out using as a reference the O 1s core
state of the central oxygen in the (TiO2)5 layer. Us-
ing that reference, the occupied oxygen bands com-
ing from the TiO2 layer are about the same position
in energy, but the Fermi levels are not aligned. Nev-
ertheless, the Fermi levels for n = 3, 4, 5 are very
nearly aligned, as would be expected once a metallic
band structure is established.
As presented and discussed earlier21 the 5/3 sys-
tem displays a very peculiar electronic structure not
seen previously, consisting of a semi-Dirac dispersion
around the point Fermi surface. The dispersion is
massless (linear) along the (1,1) symmetry direction
in k-space, and massive (quadratic) perpendicular to
this direction at the semi-Dirac point. Such an un-
usual dispersion will lead to unexpected and unique
physical properties,22 many of which remain to be
studied. The origin of these peculiar Fermi points
arises from a specific coupling of two bands related
to the change in orbital ordering from the first unit
cell to deeper cells. The change in orientation is the
same in the 5/3 system as is pictured in the 5/5 sys-
tem in Fig. 4. The interface V orbital always has
the orientation shown in Fig. 2 for the 5/2 system.
The orientation of the inner atoms is that of FM
bulk VO2.
There are two pairs of bands, each with its own
identifiable shape, that can be used to follow the
formation and then the disappearance of the semi-
Dirac band structure. The occupied pair in the 5/1
system was discussed above, and it appears twice
in the 5/2 system, with centers displaced by about
0.4 eV. In the 5/3 system, a new pair of bands ap-
pears, which their character reveals to be a mixture
of bands coming from V sites that are not at the
interface. This pair of bands can be identified also
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FIG. 3: (Color online) Band structure of the (TiO2)5/(VO2)n multilayer system for n from 2 (left) to 5 (right). This
shows how the transition to a metallic from an insulating state occurs through the appearance of a semi-Dirac point
for n= 3 and 4. The band structure is represented on the kx and ky plane, enough for the two-dimensional symmetry
of the system.
FIG. 4: (Color online) Spin density isosurface of
(TiO2)5/(VO2)5 multilayer system at a value of 0.25
e/A˚3. Observe that the non-interfacial V atoms have a
different electronic structure, and a large orbital angular
momentum is expected for them.
in the 5/2 band structure, where they are the low-
est pair of unoccupied states at the M point. These
bands disperse in opposite directions from the M
point, and the upper member crosses a band that
is dispersing downward from above. This crossing
gives rise to the semi-Dirac point. Since the cross-
ing bands do not involve the interface V sites, and
does not survive for more than four unit cells of VO2,
the semi-Dirac phenomenon qualifies as a quantum
confinement effect rather than an interfacial effect.
The occupied V orbital away from the interface
is largely (but certainly not purely) a dx′z′± i dy′z′
orbital in a coordinate system that has z′ in the
a − b plane. By symmetry, it is rotated by 90◦ for
the other V ion in the cell. The distortion of the
octahedron, and the two orientations of octahedra,
in the rutile structure, make this orbital difficult to
quantify in terms of the cubic 3d orbitals, and also
complicate the tight-binding representation of what
appear to be simply dispersing pairs of bands. More
comment on these orbitals are provided in Sec. V
below. The two types of orbital occupation lead to
the dispersion that finally produces the semi-Dirac
point that pins the Fermi level.
The 5/4 system is closely related to that of the
5/3 system. As in the 5/3 nanostructure, the FM
configuration is lower in energy than an antiferro-
magnetic alignment along the rutile c-axis, by 57
meV/V. This disfavoring of AF ordering is consis-
tent with the experimental observation that long-
range dimer formation along the rutile c axis only
occurs at VO2 thicknesses of several nm,
11 enough
to sustain a dimerization and structural cooperative
distortion of the rutile-based lattice. Just as in the
5/3 system, this nanostructure has a half metallic
zero-gap semi-Dirac structure. Figure 5 shows the
partial density of states (DOS) of the four inequiva-
lent V atoms, and the two central cells are different
from those at the interface. For labeling the atom-
projected DOS curves, the V atoms are named as
V1-V2-V3-V4-V4-V3-V2-V1 from interface to inter-
face along the rutile c axis. The two innermost V
atoms V3 and V4 contribute most to the DOS near
the Fermi level, but very near the Fermi level a con-
tribution from V2 (the more inner atom in the inter-
facial unit cell) becomes noticeable. The interfacial
V1 atom has no contribution in either of the two
bands that cross the Fermi level. Again, the semi-
Dirac point is a confinement effect.
Increasing the thickness of the VO2 layer by
adding a fifth layer to create the 5/5 multilayer,
more bands appear at the Fermi level and the system
reaches a metallic state, as shown in the right panel
of Fig. 3. Thus the insulator-metal transition has
completed for the thickness of the VO2 layer greater
than 4 layers. The transition has proceeded through
a very peculiar point-like Fermi surface stage that
takes place only in the 5/3 and 5/4 systems. In the
5/5 system a crossing of two semi-Dirac bands oc-
curs near the Fermi level along the Γ-M direction as
4
in the 5/3 and 5/4 systems, but the system is metal-
lic (normal) because several other bands also cross
the Fermi level.
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FIG. 5: (Color online) Density of states of the
(TiO2)5/(VO2)4 multilayer system. This shows a zero-
gap situation, with most of the spectral weight around
the Fermi level coming from the inner V atoms, away
from the interface. Naming convention along the rutile
c-axis is V1-V2-V3-V4-V4-V3-V2-V1, V1 (V2) being the
outermost (innermost) interfacial atom.
D. Band line-up across the interface
We use the 5/3 system to obtain the band line-up
across the TiO2/VO2 interface, by referencing to the
O 1s core levels and then using the bulk electronic
structures. The top panel of Fig. 6 shows that the O
1s core level position converges (to the bulk value)
within the TiO2 layer, but perhaps is not quite con-
verged in the thinner VO2 layer. Still, this amounts
to only a minor correction of the band alignments
for an isolated interface. The resulting band line-up
is shown in the lower panel of Fig. 6: the Fermi level
of VO2 lies 1.0 eV above the bottom of the 3.0 eV
gap of TiO2.
The behavior of the 1s level energies provides in-
sight into the healing length of the local potential
away from the interface. In Fig. 6, the center of the
TiO2 layer lies at z=0.5 and the center of the VO2
layer at z=1.0. The three central layers (of five to-
tal) of TiO2 have the same local potential, hence it
is only the single TiO2 unit cell at the interface that
experiences the effect of the interface on the poten-
tial. Only the cell at the interface is affected also in
VO2, however, the energy difference between the two
O ions in the cell is almost four times greater than
on the TiO2 side. This result is consistent with a
more polarizable d1 ion compared to the d0 ion, i.e.
more screening on the VO2 side.
3.0 eV
1.0 eV
V.B.
C.B.
TiO2 VO2
EF V.B.
FIG. 6: Top panel: O 1s core level energies, plotted
versus the z position across the multilayer. The valley
corresponds to the VO2 layer and the hill is the TiO2
layer. Bottom panel: band alignments across the inter-
face, showing that the Fermi level falls 1.0 eV above the
bottom of the 3.0 eV TiO2 band gap.
IV. THE SEMI-DIRAC POINT
The band structure of the 5/4 system (third panel
of Fig. 3) shows the appearance of pair of bands
crossing just at the Fermi level, at only a single
point along the plotted symmetry lines; i.e. a po-
tential semi-Dirac point.21,22 It lies along the M −Γ
direction, just as in the 5/3 case and in fact is sim-
ilarly placed along the zone diagonal. This semi-
Dirac-point low energy electronic structure there-
fore displays robustness: not only against variations
in atomic positions and reasonable changes in the
Coulomb repulsion U, but also against interfacial
disorder21and the more substantial change of adding
one additional layer of VO2. For four VO2 layers, the
V 3d bands become narrower and have correspond-
ingly more states in the same energy region, but the
5
dispersion typical of the rutile metallic VO2 system
remains. The other sets of bands, which come from
the more internal VO2 layers, are very similar to the
5/3 case.
Since the band structure along symmetry lines
does not necessarily determine what the dispersion is
like (linear or quadratic) perpendicular to the line,
it is necessary to check explicitly. Figure 7 shows
a representation ε(kx, ky) of the two bands cross-
ing the Fermi level in the 5/4 system, from which
the parabolic energy dispersion in the perpendicu-
lar direction is evident. Hence the band crossing is
indeed a semi-Dirac point, similar in all respects to
the 5/3 system: electrons at the Fermi level behave
as relativistic massless fermions along the zone diag-
onal and as massive particles along the perpendicu-
lar direction. The behavior of the system of semi-
Dirac fermions for the 5/3 system will apply here as
well.21,22
FIG. 7: Band structure of the (TiO2)5/(VO2)4 multi-
layer system in a two-dimensional grid in the kx-ky plane.
The surfaces reveal a point Fermi surface, and also the
semi-Dirac character of the dispersion. The Fermi level
is set at zero energy.
V. SPIN-ORBIT COUPLING
One important question that needs to be ad-
dressed is how spin-orbit coupling (SOC) affects the
bands in the vicinity of the semi-Dirac point. At
the Dirac point of graphene, it is known that SOC
leads to a very small gap opening, destroying the
perfection of the Dirac point.23 However, the gap is
so small that it probably has no measurable conse-
quences. V atoms are somewhat heavier, so SOC
should have a larger effect. There are in fact several
interesting complications in this system.
First of all, this three-cell layer of VO2 is not only
magnetic (unlike graphene), but it is half-metallic.
The nearest minority bands that can be mixed by
SOC into the majority bands at the semi-Dirac point
are 1 eV away. Mavropoulos et al.24 have studied the
effects of SOC in some intermetallic half metals, but
without reporting on the size of any band gaps that
might have resulted. They found that the amount
of mixing (in terms of DOS) of minority into the
majority band gap could range from 0.5% to a little
more than 10%, depending on the size of the half
metallic gap, the position of the Fermi level in the
gap, etc. As a result of SOC, half metals are no
longer strictly 100% half metallic due to spin mixing.
Second, our system is strongly two dimen-
sional, and even the underlying rutile structure is
anisotropic, especially in VO2 where the spin cou-
pling along the c-axis is strongly tied to the struc-
tural transition and insulator-to-metal transition.25
However, unlike in graphene, there is a real under-
lying three-dimensional lattice in the present case.
Thus different effects may be observed depending on
the direction of the V spin moments. Thirdly, the
two bands that cross at the semi-Dirac point have
different weights on distinct V ions, viz. mostly V2
ions for one, V3 ions for the other. This will affect
the magnitude of the coupling, since SOC is a local
(single atom) interaction.
The SOC operator in the Kohn-Sham Hamilto-
nian, 2×2 in spin space, is
Hsoc = ξ~ℓ · ~s = ξ[ℓzsz +
1
2
(ℓ+s− + ℓ−s+)] (1)
where ℓ± = ℓx±iℓy etc. We consider the two distinct
cases of direction of the spins, and we are interested
in the majority (spin “up”) bands. We focus on the
coupling only between the two bands (a, b) near the
semi-Dirac point. In each case we quantize ~ℓ (hence
~s) along the direction of the V spin moment. Then
the matrix element directly coupling the two bands
becomes (suppressing the k index)
< a|Hsoc|b >=
ξV
2
< a|ℓz|b > . (2)
The band-diagonal matrix elements, giving simple
band shifts for the two bands, will not impact this
gap opening question. The remaining coupling arises
from second (and higher) order terms involving the
spin-down conduction band 1 eV and higher in en-
ergy, leading to corrections that are at a maximum
ξ(ξ/1 eV) < ℓ >2 which will be very small, and
we do not consider these corrections further (though
they are included in the band structure calcula-
tions). From the above equation, band mixing will
give a gap ∼ ξV | < a|ℓz|b > |.
6
FIG. 8: (Color online) Band structure of the (TiO2)5/(VO2)3 multilayer system when spin-orbit coupling is intro-
duced. This destroys the semi-Dirac point for the case of magnetization in the xy plane (left), but not for the ground
state case of the magnetization along the rutile c axis (right), where the semi-Dirac point persists.
Case 1. ~s along the c axis. This is the calculated
ground state, with energy about 10 meV/V lower
than for polarization in the plane. In this case, the
calculated band structure shows that the semi-Dirac
point at the Fermi level persists (right panel of Fig.
8). The calculated value of orbital moment is 0.04
µB for each V ion, a fairly typical moment for a
3d atom in a magnetic material. The fact that the
band crossing still occurs indicates that SOC does
not interfere with the difference of symmetries of the
two bands along the kx = ky line that allows them
to cross (without SOC); the matrix element vanishes
due to the differing symmetry of the bands.
Case 2. ~s along the a axis. In this case, a substantial
gap ∼ 0.2 eV is observed (left panel of Fig. 8) to
open up at the former location of the semi-Dirac
point. The V orbital moments that result, which
are six separate values since the V ions all become
inequivalent, are as high as 0.2 µB inside the muffin-
tin sphere. The largest value occurs for the dxz ±
idyz orbital whose local z axis is parallel to ~s and
is ready-made to respond with an orbital moment
along the z axis. The change in symmetry of the
system when the moment lies in the plane results
in band mixing, i.e. the matrix element no longer
vanishes due to symmetry. The unexpectedly large
SOC-induced gap is connected with the large orbital
moment.
Another observation from Fig. 8 can be noted.
In the left panel, after the gap has opened due to
SOC, the upper two occupied V 3d bands lie in en-
ergy roughly where they were without SOC (right
panel). The two pairs of V 3d bands at lower en-
ergies, however, have moved lower in energy by 0.4
eV, an unusually large shift for an effect of SOC. We
attribute this shift to the large orbital moments that
are induced when the spin lies in the plane.
That the t2g subshell provides a representation
for L=1 (not L=2) orbital moments has long been
known.26,27,28,29,30 Fairly recently several cases have
come to light in which orbital moments can actu-
ally be quenched within the t2g shell
31 by structure-
induced or spontaneous symmetry lowering, or an
orbital moment can compensate a spin moment and
prevent orbital ordering.32 Other more complicated
orders may appear in Sr2VO4, where the effects of
spin-orbit may lead to a hidden octupolar order with
vanishing expectation values for both L and S.33 In
the V4+ t2g system studied in this paper, an unex-
pectedly large orbital moment is induced by the spin
moment for the dxz ± idyz orbital.
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VI. CONCLUSIONS
In this paper we have presented electronic
structure calculations on the multilayer system
(TiO2)m/(VO2)n, to study the effects of nanostruc-
turing a correlated material like VO2 that in the
bulk undergoes a metal-insulator transition, sand-
wiched by a band insulator like TiO2. The system
provides an example of a d1 - d0 interface with no po-
lar discontinuity, so many of the questions that exist
for other oxide heterostructures are moot here. By
increasing the VO2 layer thickness, the multilayer
shows a metal-insulator transition. For n ≥ 5 lay-
ers, the system becomes metallic, being insulator for
n= 1 and 2. The system is, experimentally, suscep-
tible to the recovery of the bulk properties typical
of VO2 for n ∼ 15 (specifically, the temperature-
induced structural transition). We have studied val-
ues of n significantly smaller, where the effects of
quantum confinement can be important. The metal-
insulator transition in the multilayer occurs through
a semi-Dirac point phase for n= 3 and 4, in which
the Fermi surface is a sngle point, around which the
electrons behave as massless along the zone diagonal
in k-space and as massive fermions along the perpen-
dicular direction. In previous papers, we analyzed
the semi-Dirac state for the n= 3 case, finding it to
be robust against interfacial disorder and a reason-
able range of U values. In this paper, we observe that
it persists also for n = 4, hence showing some (lim-
ited) robustness to the VO2 thicknesses. We point
out that spin-orbit coupling does not destroy this
semi-Dirac point, where the spin lies along the rutile
c axis. The ground state has small orbital angular
moments, hence the changes in the band structure
introduced by spin-orbit coupling are very small and
the semi-Dirac survives spin-orbit coupling.
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